Spanning functions from the simplest reflex arc to complex cognitive processes, neural circuits have diverse functional roles. In the cerebral cortex, functional domains such as visual processing, attention, memory, and cognitive control rely on the development of distinct yet interconnected sets of anatomically distributed cortical and subcortical regions. The developmental organization of these circuits is a remarkably complex process that is influenced by genetic predispositions, environmental events, and neuroplastic responses to experiential demand that modulates connectivity and communication among neurons, within individual brain regions and circuits, and across neural pathways. Recent advances in neuroimaging and computational neurobiology, together with traditional investigational approaches such as histological studies and cellular and molecular biology, have been invaluable in improving our understanding of these developmental processes in humans in both health and illness. To contextualize the developmental origins of a wide array of neuropsychiatric illnesses, this review describes the development and maturation of neural circuits from the first synapse through critical periods of vulnerability and opportunity to the emergent capacity for cognitive and behavioral regulation, and finally the dynamic interplay across levels of circuit organization and developmental epochs.
INTRODUCTION
Neural circuits are arguably the primary supracellular mediators of the brain's diverse functional capacities. A circuit typically refers to a set of interconnected components that together subserve a specific function. A neural circuit in the brain may be a cluster of neurons that receives electrochemical information that the circuit modifies and transmits to other circuits for further modification. Alternatively, a neural circuit may comprise a network of interconnected brain regions that together integrate vast amounts of information and perform more complicated cognitive and regulatory functions. Clearly, these distributed neural circuits are neither present at birth nor are they invariant through life. In fact, the development of the brain's circuitry requires the coordination of an extraordinarily complex set of neurodevelopmental events.
The structure and function of neural circuits perpetually changes and evolves from the time of first contact between nerve cells. The interplay of inherent genetic programs with a wide range of environmental exposures and experiences determines the birth, death, and cellular characteristics of neurons, as well as the formation and reformation of their axons, dendrites, and synapses. Neural circuits consequently have diverse configurations and functional attributes within finite set of genetically and environmentally constrained set of possible designs and functions, while largely unfolding along a predictable developmental timeline.
The flexibility and diversity of developmental outcomes create a dialectic of adaptation with vulnerability during development from the level of individual circuits to the maturing person. The opportunities for adaptive change and the periods of critical vulnerability during the development of neural circuits are themselves dynamic, temporally specific, and sensitive to experience and environmental exposures. As cognitions, emotions, and behaviors in health and illness are increasingly viewed in terms of the functioning of neural circuits, defining typical trajectories for the maturation of those circuits provides a crucial background against which genetic alterations and the effects of adverse experience on brain maturation can be compared and contrasted to identify the developmental origins of neuropsychiatric illnesses.
Understanding the processes of development and organization of the functional properties of neural circuits requires access to defined circuits with known and measurable properties at different points in development. Ethical, methodological, and practical considerations understandably constrain the study of the nascent human nervous system and the neural circuits it contains (Huisman et al, 2002; Huttenlocher and Dabholkar, 1997; Levitt, 2003) . Neurodevelopmental data in human beings and nonhuman primates, consisting mainly of postmortem and neuroimaging studies, are both limited and inherently constrained (Fogliarini et al, 2005; Huttenlocher, 1979 Huttenlocher, , 1990 Huttenlocher and Dabholkar, 1997; Levitt, 2003) . The remarkable evolutionary conservation of neurodevelopmental events and their timing across species, however, help to validate the extension of knowledge about prenatal brain development from animals to human beings (Bystron et al, 2008; Finlay and Darlington, 1995; Katz, 2007; Levitt, 2003; Lund and Lewis, 1993; Marin-Padilla, 1988) . In this review, we integrate established and emerging knowledge of development to describe the normal maturation of neural circuits. We also provide specific examples of neuropsychiatric disorders that are commonly seen by child psychiatrists and pediatric neurologists to illustrate how knowledge of normal circuit development can inform the study and treatment of developmental psychopathologies.
THE EARLIEST NEURAL CIRCUITS

Early Gestational Events Establish a Framework for the Genesis of Neural Circuits
The neuro-ontogenic process in humans begins at gestational age (GA) weeks 2-3 with the folding and fusion of ectoderm to form the neural tube (Ladher and Schoenwolf, 2005) (Figure 1 ). At week 4 of gestation, the rostral portion of the neural tube forms three vesicles that are destined to give rise to the forebrain, the midbrain, and the hindbrain (Jessell and Sanes, 2000; Rash and Grove, 2006b; Rhinn et al, 2006; Stern, 2001) . The rostral-most prosencephalic (forebrain) vesicle then forms two vesicles that are destined to become the telencephalon (cerebral cortex) and the diencephalon (thalamus, hypothalamus, and other structures). This is followed by a complex, dynamic, sequential, and yet temporally overlapping series of cellular events that are genetically determined, epigenetically directed, and environmentally influenced. By GA weeks 5-6, neuroblasts, or neuronal precursors, are proliferating rapidly within the ventricular zone (germinal matrix) that lines the cerebral ventricles (Bystron et al, 2008; Ghashghaei et al, 2007; Hatten, 1993; Jessell and Sanes, 2000; Kornack and Rakic, 1995; Levitt, 2003; McManus et al, 2004; Molliver et al, 1973; Monk et al, 2001; Pencea et al, 2001; Rakic, 1978 Rakic, , 1982 Rakic, , 1988 Rakic, , 1995 Rakic, , 2003 Rash and Grove, 2006a) .
The laminar structure of the cerebral cortex is encoded early in development. By GA week 8, neuroblasts begin to differentiate into either specific neuronal cell types or macrogila, depending on their location within a complex topographic matrix of molecular gradients in the ventricular zone layer (Figure 2 ). Postmitotic cells migrate out of this layer to form cortical laminae in an 'inside-out' manner in which deeper cortical layers are formed before more superficial ones (Hatten, 1993; Kornack and Rakic, 1995; Rakic, 1978 Rakic, , 1988 Rakic, , 1995 . Most postmitotic neurons travel along radial glial cells that serve as guides on the path of neurons to their final destination (Rakic, 1972; Rakic et al, 1994b) . Radial glia themselves may also give rise to neurons in the developing cortex (Liu and Rao, 2004; Malatesta et al, 2000; Miller, 2002; Miyata et al, 2001; Noctor et al, 2001) . Migration depends on a complex set of molecular interactions between neurons and the scaffolding glia (Chao et al, 2009; Gressens, 2000; Hatten, 1999) . Another smaller group of neurons originates from the primordia of the basal ganglia nuclei (the medial and lateral ganglionic eminences) and migrates tangentially (ie parallel to the outer cortical surface) to destinations in the developing cerebral cortex and thalamus, giving rise to all of the GABAergic neurons in the mature brain (McManus et al, 2004; Monk et al, 2001; O'Rourke et al, 1992; Van Eden et al, 1989) . Neuronal migration peaks between GA weeks 12 and 20 and is largely complete by GA weeks 26-29 (de Graaf-Peters and HaddersAlgra, 2006; Gupta et al, 2005) (Figure 2 ).
Errors in neuronal migration can have profound neurodevelopmental consequences. Lissencephaly, or 'smooth brain,' for example, is a disorder of neuronal migration that disrupts the normal patterning of gyri and sulci. Its functional consequences range from mental retardation to death in infancy (Olson and Walsh, 2002) . The various causes of lissencephaly include mutations in genes encoding cytoskeletal proteins, components of the basal lamina, glycosyltransferases, and components of the reelin signaling pathway. Disturbances in neuronal migration can also produce foci of ectopic cortical tissue in the white matter. These gray matter foci contain both GABAergic and glutamatergic cells that can produce seizure disorders (Gomez et al, 1999; Uhlmann et al, 2002) .
Early Synapses in the Developing Brain
As neurons complete their migration, they extend axons and dendrites to appropriate synaptic partners. Scaffolding cells and molecular gradients are important in the assembly of these synaptic connections. Also inherent to both the construction and maturation synapses within neural circuits are their continuous refinement and modification. The synaptic connections among neurons early in development are often transient stepping-stones toward the more stable connections that characterize more mature circuits.
The earliest synaptic connections are formed at approximately GA week 5 by neurons located in the first recognizable cortical layer known as the preplate (alternatively termed the primordial plexiform layer) (MarinPadilla, 1971; Raedler and Raedler, 1978; Rickmann et al, 1977; Stewart and Pearlman, 1987; Supèr et al, 1998; Wood et al, 1992) . On their way to the preplate, and later to the subplate, axons of dorsal thalamic neurons are guided by molecular interactions with a population of tangentially migrating neurons termed as 'corridor' cells, which, similar to radial glial cells, are a class of scaffolding cells (LopezBendito et al, 2006) . The neurons in the preplate serve as initial synaptic targets for neuronal projections from the developing thalamus and brainstem. Preplate cells are aptly termed as pioneer neurons because they form temporary connections with presynaptic cells, serving as placeholder targets until the appropriate postsynaptic neurons are in place and ready to form more mature connections (Chao et al, 2009) . Neurons within the preplate form a primitive, yet functionally active, early cortical circuit (Bayer and Altman, 1990; Kostovic and Molliver, 1974; Kostovic and Rakic, 1990; Marin-Padilla, 1971 Mrzljak et al, 1990) .
The axonal glycoprotein, neural cell adhesion molecule L1, mediates the interaction between the cytoskeleton and extracellular matrix and, therefore, has an important function in neuronal migration and differentiation (Sonderegger and Rathjen, 1992; Thelen et al, 2002) . Mutations in the gene encoding this protein produce X-linked mental retardation syndrome CRASH (corpus callosum agenesis, retardation, aphasia, spastic paraplegia, hydrocephalus) (Jouet et al, 1994; Rosenthal et al, 1992) . Alcohol exposure impairs the function of cell adhesion molecule L1, which then may contribute to the features of fetal alcohol syndrome (Ramanathan et al, 1996; Tang et al, 2006) .
The Rise and Fall of the Subplate: from Synapses to Early Neural Circuits
The subplate is a transient though important embryonic cortical layer that forms within the preplate (Allendoerfer and Shatz, 1994; Bystron et al, 2008) . The subplate is thicker than all other cortical layers between GA weeks 18 and 22, when it is up to five times thicker than the cortical plate. During this period, the subplate is rich with synapses and contains evidence of a laminar organization. The differential timing of developmental events across brain regions is evident in the subplate, in which somatosensory regions develop earlier than visual regions (Kostovic and Rakic, 1990) . Neurons in these portions of the subplate receive preliminary afferent inputs from the visual and somatosensory thalamus, cholinergic afferents from the basal forebrain, and monoaminergic afferents from the brainstem (Allendoerfer and Shatz, 1994; de Graaf-Peters and Hadders-Algra, 2006; Ghosh et al, 1990; Ghosh and Shatz, 1992; Rakic, 1984, 1990; McConnell et al, 1989; Supèr et al, 1998) .
Subplate neurons have the molecular components necessary for functional GABAergic transmission (Meinecke and Rakic, 1992) , which, unlike in the mature nervous system, is excitatory during much of early development (Ben Ari et al, 1997) . Electrophysiological recordings have shown that although they are electrically silent at rest, subplate neurons are capable of propagating neural signals across monoaminergic, cholinergic, and glutamatergic synapses (Friauf et al, 1990; Isaac et al, 1997) . Thus, the architectural framework and functional capacities of the major neurotransmitter systems are established early in gestation, even though their function in early cortical development is at present poorly understood in humans. Exposure to drugs of abuse or medications that alter signaling, metabolism, or other elements of neurotransmitter physiology may affect the development of neural circuits and neurotransmitter systems in profound or more subtle, but still significant ways.
As in the preplate, synaptic connections in the subplate serve as placeholders ahead of later, more enduring connections for thalamocortical neurons. Thus, subcortical afferents to the subplate may transiently connect to their future postsynaptic targets in layer IV of the cortex through intermediary subplate neurons (Ghosh et al, 1990; Ghosh and Shatz, 1992) , which themselves project to the layers of the future cerebral cortex, the cortical plate, and marginal zone (Allendoerfer and Shatz, 1994; Kanold, 2004) . After pausing in the subplate, subcortical afferents make more permanent connections within the cortical plate through a process of synaptic refinement that begins slowly around GA week 20, reaches its peak between GA weeks 24-28, and continues into the perinatal period. This refinement of synaptic connections causes the dissolution of the subplate, which can be observed in fetal MRI scans (Huisman et al, 2002; Kostović et al, 2002) . After 28 weeks of gestation, the declining subplate largely contains neurons that are destined for association areas and commissural pathways, which are among the last of cortical regions and pathways to develop (Kostovic and Rakic, 1990) .
DEVELOPMENT OF NEURAL CIRCUITS WITHIN THE CORTICAL PLATE IN THE PERINATAL PERIOD
Overview
As postmitotic cells at GA weeks 7-8 migrate from the ventricular zone into the preplate, they form another embryonic cellular layer known as the cortical plate (Bystron et al, 2008; Rickmann and Wolff, 1981; Supèr et al, 1998) (Figure 2 ). As it forms within the preplate, the cortical plate splits the preplate into two layers: the subplate below and the marginal zone above. The cortical plate will produce laminae II-VI of the mature cerebral cortex, whereas the marginal zone will ultimately form cortical layer I.
The dissolution of the subplate and the concurrent maturation of the cortical plate signals a transition in the development of cortical circuits. Transient and intermediate connections now yield to more enduring patterns of neural connections that hold greater potential for generating goaldirected activity. As it develops, the cortical plate increasingly acquires the organizational features of the mature cortex. Lamination is present first in the primary sensory and motor cortices as early as GA week 25. By GA week 32, the developing cortex has a full adult complement of distinct vertical lamina (Kostovic et al, 1995) containing afferents of all the major neurotransmitter systems (Levitt, 2003) and a diversity of differentiated glia and neuronal cell types (Lund and Lewis, 1993) , including excitatory glutamatergic spiny pyramidal neurons and GABAergic nonpyramidal interneurons (DeFelipe and Farinas, 1992; Nieuwenhuys, 1994) .
Cortical Lamination and Local Neural Circuits
Similar to the mature cortex, the developing cortical plate consists of 3-6 cellular layers. Depending on the specific cortical region, cortical layer I is formed between GA weeks 24 and 34, and layers III and IV appear between GA weeks 32 and 34 (Kostovic et al, 1995) . Each layer contains a distinct array of cells types, the morphology, and laminar location of which dictate the pattern of local and distant projections that each cell may send or receive (Figure 3) . Cells in adjacent vertical lamina are organized into functional radial ontogenetic columns, each of which consists of many smaller minicolumns with their longest axes arranged perpendicular to the cortical surface (Hubel and Wiesel, 1962; Mountcastle et al, 1957) . Pyramidal neurons are clonally derived from radial glial cells and can reside in a number of layers within the same minicolumn (Yu et al, 2009 ). As they mature, beginning approximately in the late third trimester, these clonally derived cells preferentially form functional excitatory synaptic connections with one another, rather than with adjacent cells that are not derived from the same progenitor (Yu et al, 2009 ). Short-range connections bind cells of nearby minicolumns horizontally and cells of differing laminae within each column vertically (Mountcastle, 1997) .
Distinctions among cortical laminae are based on the cell types and connections that predominate in each layer. The canonical pattern of laminar connections that forms cortical microcircuits has been best defined in the visual cortex (Figure 4 ). Layer VI contains pyramidal cells with rich dendritic arbors that project excitatory axons to the thalamus (Gilbert, 1983; Marin-Padilla, 1970) . This layer also sends and receives excitatory and inhibitory input from more superficial cortical layers within each minicolumn. It contains local inhibitory and excitatory interneurons, and it receives input from subcortical and other cortical layers. The presence and extent of cellular differentiation in layer IV reflects the evolutionary origin and complexity of cortical tissue across the cortical surface. Isocortical (also termed homotypic or eulaminate) regions contain a granular layer IV and are typically involved in higher-order processing. Peri-allocortical (or transitional) regions have a less developed layer IV, whereas allocortical (or heterotypic) regions lack layer IV and are typically limbic cortices. Of all cortical laminae, layer V contains the largest pyramidal cells, which send excitatory projections to the basal ganglia, brainstem, and spinal cord. Similar to layer VI and to more superficial layers, layer V also receives and sends other excitatory and inhibitory projections.
Excitatory neurons in layer IV, such as pyramidal and spiny stellate cells, are the primary targets for thalamic inputs (Kostovic and Goldman-Rakic, 1983) . Neurons in layer III receive convergent inputs from inhibitory interneurons that originate within this layer and in deeper layers. Layer III pyramidal cells project to ipsilateral and contralateral cortical regions (Mrzljak et al, 1988) . Similarly, layer II receives diverse inputs but contains smaller pyramidal neurons that send projection to less distant cortical regions. Finally, the connectivity and computational functions of the most superficial lamina, layer I, are also the least understood. Within layer I, axons originating from other cortical regions terminate on apical dendrites of pyramidal cells lying in deeper laminae.
Although the cellular composition and patterns of connections of these cortical laminae are more heterogeneous, complex, and overlapping than the following schematic description would suggest Gilbert, 1983; Thomson and Bannister, 2003) , the neural circuits formed by connections to, from, and within each lamina of the visual cortex serves as a model region for studying the development of microcircuits in other cortical regions (Figure 4 ). In the much-simplified archetypal cortical microcircuit, for example, thalamic afferents project to layer IV, from which excitatory neurons project to pyramidal neurons in layers III and II. Excitatory pyramidal cells in layer III project to pyramidal cells in layer V and to layer II. Pyramidal cells in layer V project to pyramidal cells in layers III and IV. Finally, layer VI pyramidal cells project to layer IV.
In general, laminar outputs also follow a characteristic pattern. Layers II and III extend cortical afferents, with layer II projecting more locally and layer III extending more distant projections. Layers V and VI project to subcortical regions, with layer VI projecting primarily to the thalamus and layer V projecting to the brainstem, midbrain, and basal ganglia. Within each microcircuit, inhibitory interneurons regulate this basic flow of information from one excitatory neuron to the next. Excitatory cells in most layers project onto inhibitory interneurons in other layers. In turn, inhibitory interneurons may project onto excitatory neurons or onto other inhibitory interneurons. Thus, the complex connections of the developing cortex are both nested and overlapping, and the features that will endure as they are fine-tuned throughout all of perinatal and postnatal life.
Progressive and Regressive Forces Shape Neural Circuits
The dynamics of synaptogenesis in the cortex of the developing fetus have been reasonably well characterized (Becker et al, 1984; Bourgeois, 1997; Bourgeois et al, 1994; Huttenlocher et al, 1982a; Michel and Garey, 1984; Mrzljak et al, 1988 Mrzljak et al, , 1992 Mrzljak et al, , 1990 Rakic et al, 1986) . Synaptic density within the cortical plate grows at a rate of about 4% per week until approximately GA weeks 26-28, which is the time of peak transfer of afferent synaptic connections from the subplate to the cortical plate (Zecevic, 1998) . Dendritic arborization and synaptogenesis accelerate in the third trimester to produce a thickening of the developing cortex (Huttenlocher and Dabholkar, 1997) , which coincides with the appearance of cortical gyri and sulci on fetal MRI scans (Garel et al, 2001; Huisman et al, 2002) . GA week 34 marks entry into the peak period of synaptogenesis, during which almost 40 000 new synapses are formed every second, a process that continues well into early postnatal life.
The timing of synaptogenesis differs across cortical layers and across developing cortical regions. Following the inside-out sequencing of cortical lamination, synaptogenesis begins earlier in deeper layers than in more superficial ones (Huttenlocher, 1990) . Although several studies reported no differences in the rates of synaptogenesis across somatosensory, visual, prefrontal, and limbic cortices (Bourgeois et al, 1994; Rakic et al, 1986; Zecevic, 1998; Zecevic et al, 1989) , other studies have found that synaptogenesis begins earlier in primary motor areas and later in anterior regions, such as the prefrontal cortex (PFC) (Huttenlocher, 1984 (Huttenlocher, , 1990 Huttenlocher and Dabholkar, 1997) .
The cellular and molecular mechanisms that underlie expansion of the developing central nervous system are counterbalanced by the culling of neurons and their processes (Cowan et al, 1984) . The number of neurons in the human brain peaks at GA week 28. However as many as half of the neurons produced during neurogenesis die in the process of apoptosis, or naturally occurring cell death, by the end of adolescence (Lossi and Merighi, 2003) . The reasons for the excess production of most neuronal types and glia are not fully understood.
Many of the culled neurons are eliminated during two discrete developmental epochs (Gohlke et al, 2006; Lossi and Merighi, 2003; Rakic and Zecevic, 2000) . The first wave of apoptosis involves primarily proliferating precursor cells and young postmitotic neuroblasts in the ventricular zone (Blaschke et al, 1996) . It begins around GA week 7 and continues throughout the first trimester. This wave is governed by intracellular processes related to cell-cycle regulation (de la Rosa and de Pablo, 2000) . The second wave of apoptosis peaks around GA weeks 19-23 and eliminates postmitotic neurons within the cortical plate. In this wave, apoptosis is regulated by synaptic activity, various forms of cell-cell contact, and a broad range of diffusible and membrane-bound trophic factors that are produced by glia and other neurons (Lossi and Merighi, 2003) . Cells that send processes to incorrect regions are eventually eliminated because those cells are less likely to fire synchronously with other inputs to the postsynaptic cell, which then fails to release the trophic factors necessary for the survival of presynaptic neurons (Eyre et al, 2001; Goda and Davis, 2003) . Thus, coherent neuronal activity is also important for the survival and maintenance of neurons, synapses, and neural circuits.
Glial Cells and Myelination Support Development of Neural Circuits
Microglia, oligodendrocytes, and astrocytes, the glial components of white matter in the central nervous system, participate in a host of important support functions for neurons, including guidance of neuronal migration, regulation of the composition of the extracellular environment, modulation of synaptic connections, and clearance of neurotransmitters. Premyelinating oligodendrocytes populate the developing cortex during gestation. Their subsequent production of myelin enhances the speed and fidelity of the transmission of information encoded in action potentials that propagate along neurons. Between GA weeks 20 and 28, mature myelin is detected first in subcortical regions and later in cortical regions. At GA week 35, it is detected in the precentral and postcentral gyri and optic radiation, and at GA week 40, it is present in the acoustic radiation (Iai et al, 1997) . On MRI, some myelinated white matter can be discerned in the brains of preterm infants by GA week 29, but the majority of white matter appears unmyelinated (Hüppi et al, 1998) . Between GA weeks 36 and 40, the proportion of total brain volume that contains myelinated white matter increases from 1 to 5% (Hüppi et al, 1998) .
Premyelinating oligodendrocytes may be particularly sensitive to perinatal hypoxia or ischemia, which may disrupt white matter tracts in the frontal and temporal lobe to produce cerebral palsy or mental retardation (Back et al, 2001; Ness et al, 2001) . Exposure of the developing brain at this time to environmental toxins, drugs of abuse, nutritional deficiencies, and the effects of preterm birth is also thought to disrupt myelination and thereby predispose to poor cognitive, neurodevelopmental, and neuropsychiatric outcomes.
Functional Correlates of Neural Circuit Development in the Perinatal Period
The increasing organizational complexity and activitydependent remodeling of neuronal connections establish the structural foundation that supports the early functional properties of cortical circuits. Neurons with multiple axonal branches can innervate and influence numerous target cells, whereas complex dendritic trees allow for the synthesis of inputs from other cells that are many and diverse (Jessell and Sanes, 2000) . The honing of connectivity among these morphologically and neurochemically diverse neuronal populations generates correspondingly varies computational functions, ranging from a limited input and response to a complex integration of multiple signals, which together assimilate information from different regions of the brain (de Graaf-Peters and Hadders- Algra, 2006; Jessell and Sanes, 2000; Levitt, 2003) . Thus, increasing structural organization heralds an increased functional organization of cortical circuits.
The in vivo study of functional activity in the fetal brain is challenging. Yet, electrophysiological measurements in preterm infants, have shown patterns of electrical activity that change in parallel with anatomical development of the cortex between GA weeks 20 and 40 (Graziani et al, 1968; Kostovic et al, 1995; Kurtzberg et al, 1984; Novak et al, 1989; Vaughan and Kurtzberg, 1989) . These developmental changes in the EEG signal, seen most prominently over the sensorimotor cortices, may represent increased activity in the neurons of superficial cortical layer III relative to deeper cortical layer IV (Kostovic et al, 1995) . As layer IV receives thalamic input, whereas layer III projects to other cortical layers and, therefore, supports higher-order processing, EEG evidence of increased activity in layer III may reflect the functional maturation of sensorimotor cortices. These early maturational events herald the subsequent broader functional development of both local and distributed cortical circuits.
DEVELOPMENT OF NEURAL CIRCUITS IN INFANCY
Overview
The early postnatal period represents a time of dramatic change in brain structure and function. The brain grows to about 70% of its adult size by 1 year of age and to about 80% of adult size by age 2 years (Dekaban, 1978; Knickmeyer et al, 2008) . This increase in brain volume during the first year of life is greatest in the cerebellum, followed by subcortical areas and then the cerebral cortex (Knickmeyer et al, 2008) , which increases in volume by an impressive 88% in the first year, 15% in the second year, and then more modestly but steadily thereafter (Knickmeyer et al, 2008) . Development of gray and white matter, myelination, synaptogenesis, pruning, and synaptic modification establishes the fundamental anatomical organization for the initial functioning of neural circuits in utero. These progressive and regressive developmental processes continue in early postnatal life. Subsequently, local connections within cortical circuits are fine-tuned, and complex longer-range connections among circuits form an increasingly unified and functionally organized neural network.
During early postnatal life, the newborn does not simply experience novel stimuli passively; the infant also elaborates behaviors that powerfully influence its environment (Kandel et al, 2000) . Together with inborn genetic factors, novel experiential inputs and behavioral responses act on a still immature brain substrate to stimulate the further development of neural circuits. With time, experience has an increasingly more prominent function in the shaping of neural circuitry.
Early Postnatal Development of Neural Circuits
The newborn brain at 2-4 weeks of age is approximately 36% the size of an adult brain (Knickmeyer et al, 2008) . Histological study of newborn brains has shown that granular layer IV is already present in all neocortical areas (Kostovic and Rakic, 1980) . Primary cortical areas, including motor, somatosensory, visual, and auditory cortices, can be identified cytoarchitectonically. Association cortices, however, are less clearly delineated at this age.
Although the macroscopic visualization of brain structure using MRI in preterm and term infants cannot inform our knowledge of the cellular events of normal brain development, neuroimaging does provide a rare glimpse into the anatomic features of brain development during late gestation and early postnatal life. Anatomical MRI of preterm infants shows that total brain volume increases nearly three-fold between GA weeks 29 and 41 (Hüppi et al, 1998) . During this period, gray matter grows from 35 to 50% of total brain volume. MRI of term infants aged GA 39-48 weeks shows a robust increase in total gray matter volume across this developmental window compared with other brain compartments (Gilmore et al, 2007b) . Infants born at term have more gray matter in sensorimotor and visual cortices, as well as in parieto-occipital regions, compared with preterm infants (Peterson et al, 2003) . Gray matter growth is pronounced in occipital and parietal cortices in the first weeks of life.
During the early postnatal period, cortico-cortico fibers within the remnants of the subplate connect with their cortical postsynaptic targets (Kostovic and Rakic, 1990; Schwartz et al, 1991) . Cells expressing markers that are characteristic of neuroblasts and early neurons have been identified in the subventricular zone of newborns (Weickert et al, 2000) , and migrating neurons can still be found in white matter regions (Kostovic and Rakic, 1980) . Although cortical neurogenesis and neuronal migration continue through the postnatal period (Bhardwaj et al, 2006; Shankle et al, 1999) , more likely is that the expansion of glia and myelination during this period makes a more significant contribution to the dramatic brain growth observed in newborns and toddlers (Dekaban, 1978) . Thus, perinatal and early postnatal brain development features the onset of myelination and a striking development of gray matter connections, especially in sensorimotor and visual cortices. Abnormal brain size in early postnatal life often heralds the later onset of neurodevelopmental disorders. Malnutrition, for example, decreases brain size in infancy and produces a broad range of adverse effects on neural circuit development (Holden, 2007) . Conversely, accelerated brain growth in infancy seems to be one early manifestation of a wide range of developmental delays of motor, language, and cognitive functions that includes autism (Courchesne et al, 2001; Hazlett et al, 2005) . MRI findings in autistic individuals suggest expansion of both gray and white matter compartments (Hardan et al, 2006; Piven et al, 1995) . These findings may indicate the persistence of exuberant synapses and myelin or reduced apoptosis, and abnormal patterns of brain connectivity (Belmonte et al, 2004) . However, the precise underlying cellular and molecular determinants of enlarged brain size in autistic children have yet to be defined.
Synaptogenesis and Synaptic and Axonal Pruning in Infancy
Cortical gray matter continues to grow through the first few years of life, although its rate is most robust during the first postnatal year. The trajectory of expansion of gray matter has been shown with MRI (Knickmeyer et al, 2008) and is consistent with postmortem studies showing that the elaboration of dendrites, spines, and synapses continues to accelerate at a near logarithmic pace through the first 350-400 postnatal days (Andersen, 2003; Bourgeois, 1997; Lund and Lewis, 1993; Supèr et al, 1998) . The first 2 years of life see the arborization of both pyramidal cells and GABAergic inhibitory interneurons (Mrzljak et al, 1990) , as well as the relative expansion of cortical layers II and III, compared with other layers (Huttenlocher and Dabholkar, 1997; Landing et al, 2002; Zecevic et al, 1989) .
The time course of synaptogenesis differs across cortical regions. In the primary visual cortex, for example, after a burst of synapse formation between age 3 and 4 months, synaptic density reaches its peak at 140-150% of adult levels between the ages of 4 and 12 months, after which the mean number of synapses per neuron decline (Bourgeois, 1997; Bourgeois and Rakic, 1993; Huttenlocher, 1990; Huttenlocher et al, 1982a, b; Michel and Garey, 1984) . Synaptogenesis in the PFC begins about the same time as in visual cortex, but it does not reach its peak period until age 8 months, continuing thereafter through the second year of life (Huttenlocher and Dabholkar, 1997; Kostovic et al, 1995) .
The elimination of axons, dendrites, and synapses, and the death of neurons through apoptosis, are important counterpart processes to the elaboration of supernumerary axons, dendrites, and synapses (Cowan et al, 1984) . Pruning processes begin in late gestation and become increasingly active postnatally. As with synaptogenesis, the time course for pruning differs across brain regions, with sensory and motor cortices undergoing dramatic fine-tuning after birth, followed by association cortices and the corpus callosum, and later by regions that subserve higher cognitive functions (Levitt, 2003) .
Synaptic Plasticity and Neural Circuit Development in Postnatal Life
Similar to pruning, the remodeling of existing synapses has a key function in the reorganization and fine-tuning of neural circuits. Synaptic plasticity refers to a set of mechanisms that mediate the activity-dependent strengthening or weakening of neuronal connections at the level of the synapse (Citri and Malenka, 2008) . The strength and pattern of activity at a given synapse produce transient or enduring depression or potentiation of communication between neurons (Martin et al, 2000; Morris, 2006; Squire et al, 2004) . Thus, long-term potentiation and long-term depression are active processes that depend on electrical activity. In Fragile X syndrome, the most common genetic cause of mental retardation, silencing of the Fmr1 gene (Devys et al, 1992) seems to disrupt the balance between long-term potentiation and depression (Bagni and Greenough, 2005; Huber et al, 2002) . The broad effects of impairments in activity-dependent modification of synapses in Fragile X underscores the critical importance of the molecular and cellular mechanisms that underlie synaptic plasticity, for normal postnatal brain development and healthy cognitive outcomes.
The reorganization of thalamocortical projections through pruning and synaptic remodeling is also critical for the function of a number of sensory systems. For example, in the development of binocular vision, the correct differentiation of columns in the visual cortex depends on long-term potentiation, long-term depression, and pruning, all of which are regulated by patterns of neuronal activity originating in both retinas (Berardi et al, 2000; Ehrlich and Malinow, 2004; Huttenlocher et al, 1982b; Takahashi et al, 2003) . Consistent with a Hebbian-based model of learning, competition between coordinated activities originating in the retina produces the stepwise selection of input from one eye for each neuron. Iterative, coordinated activity stabilizes synaptic connections from one eye, whereas synapses with contralateral afferents that transmit weaker and less organized patterns of activity become less active and are eliminated (Hooks and Chen, 2006) .
As neuronal activity moderates the important influences of experience and environment that act to shape the development of neural circuits, alterations in visual sensory input and thus a disordered pattern of neuronal activity during this developmental period produce relatively irreparable disturbances in vision (Huberman, 2007) . For example, failure to correct congenital cataracts in infants by 6 months of age or strabismus by 7 years of age produces irreversible impairments in the visual system (Levi and Li, 2009; Maurer et al, 1999) . Thus, certain epochs in the maturation of neural circuits for vision appear to constitute critical periods of developmental vulnerability, times when experiential input is necessary for the normal development of specific neural circuits and their functional capacities, and without which the potential for development of those functional capacities is lost forever (Morishita and Hensch, 2008) .
Myelination and Neural Circuit Development
Soon after birth, glial cells increase dramatically in size and number, and the pace of myelination continues its prenatal trajectory. Myelination proceeds rapidly during the first year of life before continuing at a slower but steady pace thereafter (Barnea-Goraly et al, 2005; Gao et al, 2009 ). Similar to synaptogenesis and pruning, myelination has a specific time course that differs across different cortical regions and at variable rates within specific functional circuits. Postmortem and anatomical MRI studies show that myelination advances in a posterior-to-anterior direction, after the general pattern of maturation of neural circuits (Brody et al, 1987; Girard et al, 1991; Kinney et al, 1988; Paus et al, 2001) . Sensory pathways myelinate first, followed by motor pathways, and then association areas. Myelination reaches the furthest portions of the frontal lobes between 7 and 11 months of age (Barkovich et al, 1988) . Within a given functional circuit, subcortical structures myelinate before cortical regions.
Myelination as viewed using anatomical MRI may lag behind ultrastructural evidence of myelination, particularly before 3 years of age (Matsuzawa et al, 2001; Paus et al, 2001) . Diffusion tensor imaging (DTI) measures the restrictions on water diffusion along nerve fiber bundles, which is dominated by the increasing concentrations of myelin during white matter development, and can detect earlier evidence of myelination . DTI findings have shown a time course of white matter maturation across the brain that is generally consistent with the findings from other experimental modalities (Berman et (Figure 5 ). Similar to DTI, developmental proton magnetic resonance spectroscopy (MRS) findings support observations made using other experimental approaches that show an initial rapid elaboration of neuronal processes and synaptogenesis in the first 2 years of life, followed by a subsequent plateau (Horska et al, 2002; Kreis et al, 1993; Toft et al, 1994 ) that differs in timing across cortical regions (Cady et al, 1996; Hanaoka et al, 1998; van der Knaap et al, 1990 ).
Functional Imaging Studies of the Infant Brain: Metabolic Activity During Infancy Measured with PET
As they involve radionucleotide exposure and a relatively invasive technique, positron emission tomography (PET) imaging studies of healthy pediatric populations are unusual. PET imaging of a small clinical population with a near normal neurological examination (abnormalities included fetal distress, seizures, congenital heart disease, and Sturge-Webber syndrome) has shown that subcortical regions and the sensorimotor cortex are the most metabolically active brain regions in neonates younger than 5 weeks of age (Chugani, 1994; Chugani et al, 1987) . By 3 months of age, metabolic activity increases in parietal, temporal, and dorsolateral occipital cortices. By 6-8 months of age, frontal regions begin to increase in metabolic activity (Chugani, 1994; Chugani et al, 1987) . Similar to other neuroimaging modalities, PET shows that a pattern of change in metabolic activity is consistent with the aforementioned spatial variation in time courses for myelination and synaptogenesis.
Development of Functional Connectivity in Infancy
A development in functional imaging involves the use of measurements of brain activity acquired at rest to identify functionally relevant patterns of activity that represent intrinsic spontaneous brain activity (Binder et al, 1999; Biswal et al, 1995; Hampson et al, 2002; Mazoyer et al, 2001) . Sets of regions that share temporally correlated activity at rest are believed to constitute functional networks (Beckmann et al, 2005; Damoiseaux et al, 2006; Deluca et al, 2006; Fox et al, 2005 Fox et al, , 2006 Fox and Raichle, 2007; Greicius et al, 2003; Kelly et al, 2008; Raichle et al, 2001) . These techniques have shown a number of distinct functional networks in neonates at GA 39-44 weeks of age, including visual, sensorimotor, and auditory processing networks, as well as a prefrontal network (Fransson et al, 2007) . In addition, functionally correlated medial and lateral parietal areas may represent a rudimentary default-mode network, a system that when mature consists of precuneus, midline prefrontal, and lateral parietal regions and that has been linked to abstract and autobiographical self-focused processing Uddin et al, 2007) . This putative presence of a default-mode network is consistent with ERP findings, suggesting that interhemispheric connectivity comes on line earlier than longer-range anteroposterior connections (Bell and Fox, 1992) . Functional connectivity methods also suggest that sensory networks may undergo rapid development in the first year of life, ahead of similar developmental changes in the visual network that are more prominent across the second year of life (Lin et al, 2008) . 
Behavioral Correlates of Neural Circuit Development in Infancy
Although the development of a broad range of distinct functional capacities such as motor, sensory, and cognitive functions has been widely described, methodological limitations in the study of brain function in infancy has constrained our understanding of the development of specific neural circuits that subserve these capacities. Neonates exhibit complex, self-generated, but disorganized movements that do not seem goal oriented (de Vries et al, 1985; Prechtl and Hopkins, 1986) . Eye saccades at this age are elicited reflexively and are directed by environmental stimuli rather than through endogenous control (Atkinson, 1984) , consistent with maturation of somatosensory and motor areas ahead of the visual and association cortices. The behavioral changes that mark the third postnatal month, including inhibitory control over reflexive behaviors and saccades, as well as goal-directed behaviors such as target-directed head-eye coordination and reaching to grasp, may reflect the cortical remodeling and myelination of association areas occurring at that time (Goodkin, 1980) . The appearance of hand-to-hand transfer around 6 months of age further corresponds temporally with the increasing anatomical and functional coordination among sensory, motor, and association circuits (Rothbart et al, 1990 ).
Vulnerability of the Developing Neural Circuit During Infancy
The brain is sensitive to harmful exposures such as toxins, drugs, nutritional deficiencies, infection, medical illness, and environmental stressors throughout the life cycle. As certain neurodevelopmental processes occur within relatively narrow temporal windows, however, the maturing brain during fetal life and infancy may be particularly susceptible to adverse influences. For instance, early separation from caregivers, abuse, neglect, or social deprivation in infancy or early childhood can produce enduring behavioral and neurocognitive deficits (Carpenter and Stacks, 2009; Kreppner et al, 2007) . Conversely, early interventions designed to remove or attenuate the effects of these exposures during specific developmental epoch may avert negative sequelae (Tarabulsy et al, 2008; Welsh et al, 2007) . Human studies based on animal models have shown that an interaction of early life experiences (such as stress, socialization, and maternal care) with genetic variation in the promoter for the serotonin transporter influences the phenotypic expression of behavioral traits and psychopathology (Caspi et al, 2003; Uher and Mcguffin, 2008) . Similarly, animal studies have shown that maternal care influences behavior and future parenting of offspring through epigenetic modification of the chromatin at specific genetic loci (Francis et al, 1999) . Nonetheless, critical or sensitive developmental periods of vulnerability to the development of behavioral traits and psychopathology have not been as well defined as they have been for the development of sensory and motor systems.
NEURAL CIRCUIT DEVELOPMENT IN CHILDHOOD AND ADOLESCENCE
Overview Although brain size grows only from 80 to 90% of its adult size between the ages of 2 and 5 years (Dekaban, 1978) , myelination and synaptic remodeling are particularly active during this so-called 'plateau' phase of development. Our understanding of the cellular changes during this phase of development lags behind the knowledge of the brain's computational capacities from behavioral studies in children (Diamond, 1995) . Similarly, a growing body of longitudinal neuroimaging data describes age-related changes in morphological features and functional organization of the brain throughout childhood and adolescence, although the precise correlates of these observations at the cellular and molecular level are largely speculative.
Neural Circuit Development During Early and Middle Childhood
Histological studies suggest that synaptogenesis continues after infancy, but at a slower pace, as cortical gray matter continues to increase in volume through the ages of 4 or 5 years (Levitt, 2003) . As in other developmental epochs, the dynamics of synaptic remodeling differs across cortical regions. Synaptic density peaks first in primary sensory areas, followed by the association areas and then the PFC, cortices that subserve higher cognitive functions. Similarly, local cortical connections appear before more distant ones. Thickening of cortical layer II, which makes short range cortical connections with other cortical regions, precedes thickening of layer III, which makes longer-range connections with other cortical regions, between ages 15 and 72 months (Landing et al, 2002) . In the PFC, the absolute number of dendritic spines on layer IIIc pyramidal neurons, a major source of associative and commissural projections, peaks at 29 month and declines after 6 years of age (Kostovic et al, 1995) .
The net steady state in the number and density of cortical synapses that characterizes the plateau phase of development is thought to reflect the counterbalancing effects of increased rates of synaptic pruning and a slowing of synapse formation (Levitt, 2003) . Cross-sectional PET imaging studies report that brain glucose metabolism becomes qualitatively similar to adult patterns by the end of the first year of life (Chugani, 1994; Chugani and Phelps, 1986; Chugani et al, 1987) . However, overall brain metabolism rises to twice that of adult levels by 4-5 years of age and remains high until 9-10 years of age. Increased brain metabolic activity likely reflects the exuberant growth of neurons and glia during late infancy and early childhood. The sustained high levels of metabolic activity during the plateau period may reflect the energy demands of myelination and synaptic remodeling, and pruning.
Myelination of Neural Circuits During Childhood and Adolescence
Neuroimaging studies have contributed considerably to our understanding of the maturational changes in gray and white matter during normal brain development. White matter volumes continue to increase through childhood, adolescence, and adulthood (Bartzokis et al, 2003; Benes et al, 1994; Courchesne et al, 2000; Giedd et al, 1999; Matsuzawa et al, 2001; Paus et al, 2001; Sowell et al, 2003a) . The rate of increase in white matter volumes is greatest during infancy. Growth in this compartment continues at a slower albeit steady rate through childhood, adolescence, and adulthood, and peaks in the middle of the fifth decade of life (Matsuzawa et al, 2001; Paus et al, 2001) . DTI studies show that rates of increase in measures of white matter organization are greatest before age 10 years (Ashtari et al, 2007; Barnea-Goraly et al, 2005; Ben Bashat et al, 2005; Giorgio et al, 2008; Huang et al, 2006; Klingberg et al, 1999; Schmithorst et al, 2002 Schmithorst et al, , 2005 Snook et al, 2005) . White matter organization proceeds at different rates among white matter regions and individual white matter tracts, and continues well into adulthood.
Cortical Developmental Trajectories in Late Childhood and Adolescence: Anatomic Imaging Findings
Consistent with animal, postmortem, and histological data, large cross-sectional and longitudinal anatomical MRI studies of the brain suggest that volumes of cortical gray matter begin to decline in late childhood or adolescence ( Figure 6 ) (Giedd et al, , 1996a Gogtay et al, 2004; Jernigan et al, 1991; Lenroot et al, 2007; O'Donnell et al, 2005; Pfefferbaum et al, 1994; Shaw et al, 2008; Sowell et al, 2003a Sowell et al, , 2004 Sowell et al, , 2007 Thompson et al, 2005) . Cortical thinning proceeds in a 'back-to-front' direction, and occurs first in sensorimotor areas, followed by association areas, and lastly by higher-ordered cortical areas such as superior PFC and posterior parietal cortex (see http://www.loni.ucla.edu/~t hompson/DEVEL/dynamic.html for time-lapse representations of cortical thinning).
Local age-related increases in cortical thickness have also been reported. The thicknesses of perisylvian cortices, in inferior parietal and posterior temporal areas and particularly in the left hemisphere, seem to increase between childhood and adulthood (Sowell et al, 1999 (Sowell et al, , 2001 (Sowell et al, , 2003a . This regional thickening is followed in the fifth decade of life by a thinning that coincides in time with the period of slowed thinning of more dorsal cortical regions. Concurrent with changes in cortical thickness, regional growth that is believed to represent increases in white matter volumes is observed in much of the PFC, rostral anterior cingulate cortex, and temporal poles (Sowell et al, 2003a) . Age-related changes in volumes of subcortical gray matter have also been reported, with observed decreases in basal ganglia gray matter (particularly the caudate nucleus) and increases in medial temporal lobe structures, such as the amygdala and hippocampus.
These developmental changes in cortical thickness and brain volumes are consistent with our understanding of the maturational timing of cognitive functions such as attention, working memory, cognitive control, and response inhibition. Further analyses of longitudinal anatomical MRI findings have uncovered a number of functional correlates of cortical maturation. One report suggests that the rates of changes in cortical thickness in regions that subserve higher-order cognitive functions (such as ventrolateral prefrontal, superior prefrontal, and posterior parietal cortices) correlate with measures of intelligence (Shaw et al, 2006) . Other reports suggest that cortical thinning in motor regions correlate with fine motor skills and that cortical thickening in left hemispheric language areas may correlate with phonological processing skills (Lu et al, 2007; Sowell et al, 2004) . Although cortical thinning is viewed as a reliable marker of maturation, the specific cognitive correlates of these anatomical changes remain unclear.
In childhood-onset schizophrenia, cortical maturation follows a generally normal pattern of thinning, but it proceeds at a faster pace and is spatially more extensive than in typically developing youth (Thompson et al, 2001 ). Excessive thinning is first detected in parietal cortices, which subserve visuospatial and associative processing, before spreading forward to temporal and prefrontal cortices. The extent of gray matter loss seems to correlate with the severity of psychotic symptoms. These decreases in cortical tissue are thought to involve decreased dendritic arborization and reduced numbers of cells, including glia and neurovasculature (Selemon and Goldman-Rakic, 1999 ), but they are most commonly viewed as the consequence of excessive synaptic pruning or abnormal in synaptic plasticity (Feinberg, 1982; Liang et al, 2006; Micheloyannis et al, 2006; Rapoport and Gogtay, 2008) . Conversely, longitudinal anatomical MRI findings in attention deficit/ hyperactivity disorder (ADHD) reveal delays in the time course of cortical maturational, with peak cortical thickness attained later than in typically developing children, particularly in anterior temporal and prefrontal cortices (Shaw et al, 2007) .
Putative Mechanisms for Change in Gray Matter Thickness
The cellular underpinnings of changes in cortical thickness have yet to be directly identified. Multiple lines of evidence, however, have generated the consensus hypothesis that cortical thinning may represent two concurrent processes: pruning and myelination. Together, these are believed to refine connectivity within local and distributed networks and to enhance the efficiency and fidelity of signal transmission. Ergo, thinning of association cortices is increasingly regarded as a marker of cortical maturation in healthy children.
Consistent with this belief, animal and postmortem human studies have shown age-related reductions in synaptic density between ages 2 and 16 years (Bourgeois and Rakic, 1993; Huttenlocher, 1979; Huttenlocher and Dabholkar, 1997; Rakic et al, 1986) . In the mouse, neuropil, or axonal and dendritic processes, constitutes approximately 60% of cortical volume (Bourgeois and Rakic, 1993) , and pruning of these processes may represent the source of cortical thinning detected using MRI (Paus et al, 2008) . The hypothesis that cortical thinning represents pruning of synapses, axons, and dendrites is also supported by the evidence that overall brain metabolism, which derives largely from resting neuronal membrane potentials (Mata et al, 1980; Nudo and Masterton, 1986) , begins to decline at ages 9-10 years to reach adult levels by age 16-18 years (Chugani, 1994; Chugani and Phelps, 1986; Chugani et al, 1987) . The pruning of synaptic processes may, therefore, link cortical thinning with age-related reductions in brain metabolism (Mata et al, 1980; Nudo and Masterton, 1986) . The myelination of intracortical axons and the increase in white matter relative to gray matter volumes has also been suggested to affect the quantification of gray matter in MRI data (Paus, 2005; Paus et al, 2008; Sowell et al, 2003a; Yakovlev and Lecours, 1967) . This possibility is supported by the findings that regional growth in brain size, which is believed to represent increases in white matter volumes, occurs in conjunction with cortical thinning (Sowell et al, 2003a) .
Although genetic factors strongly contribute to the development and maturation of neural circuits, a large body of evidence shows that the fine-tuning of neural circuits is also under environmental influences. Human studies suggest that activity-dependent elimination of excitatory connections is mainly responsible for the 40% reduction of synapses during adolescence (Huttenlocher, 1984; Rakic et al, 1994a) . In contrast, levels of local GABAergic inhibitory interneurons remain fairly stable from childhood through adulthood (Changeux and Danchin, 1976; Innocenti, 1981) . The relationship between cortical thinning, myelination, and experience-dependent remodeling of neural circuits is growing clearer, but much remains to be done to map the macro-and micro-features of these processes as well as to understand their functional correlates.
Changes in the Organization of Neural Circuits Across Development: Evidence from Imaging Measures of Functional Connectivity
Correlational analyses of fMRI data acquired at rest have recently been applied to the study of developmental changes in functional connectivity among the brain regions that make up functional networks in older children and adolescents. These studies propose two types of age-related changes functional connectivity: decreases in local connectivity among anatomically adjacent but functionally distinct brain regions as they are integrated into their respective networks, and increases in long-range connectivity among nodes that comprise each network (Fair et al, 2007; Kelly et al, 2008) . They also support the other lines of evidence suggesting that neural circuits subserving attentional processes mature ahead of those supporting socioemotional functioning.
THE DEVELOPMENT OF NEURAL CIRCUITS SUBSERVING EXECUTIVE FUNCTIONS
Overview
As children and adolescents mature, they navigate an increasingly complex social environment with ever-greater autonomy (Csikszentmihalyi et al, 1977) . To succeed in these new life tasks, they must hone and integrate numerous cognitive and behavioral processes, each of which seems to be subserved by a specific neural circuit. These higher-order cognitive processes, collectively termed 'executive functions,' include allocation of attention, working memory, and self-regulatory control. Although the behavioral manifestations of these processes have been widely studied, little is known about the development of their corresponding neural circuits, and even less is known about the ways in which brain maturation supports the coordination and integration of these distinct cognitive domains. Neuroimaging studies of children and adolescents have enhanced our ability to correlate the maturation of the complex cognitive processes that constitute executive functions with in vivo measures of brain structure and function.
Development of Neural Circuits for Working Memory
Working memory refers to the capacity to maintain, attend to, and update information that is currently relevant and available 'online' for conscious evaluation and manipulation (Baddele, 1986) . In the mature brain, working memory largely depends on an intact dorsolateral PFC (DLPFC) (D'Esposito, 2007; Goldman-Rakic, 1994; Jonides et al, 1993; McCarthy et al, 1994; Owen et al, 1990; Petrides et al, 1993; Wager and Smith, 2003) . Working memory also engages attentional processes that are based in a lateral and superior frontoparietal network that include superior frontal sulcus, ventrolateral PFC (VLPFC), intraparietal sulcus, and supramarginal gyrus (Champod and Petrides, 2007; Corbetta et al, 2008; Corbetta and Shulman, 2002; Posner and Petersen, 1990) .
Rudimentary working memory capabilities have been observed in infants as young as 6 months of age, but a clear capacity for working memory does not develop until later in infancy (Brody, 1981; Diamond, 1990; Millar and Watson, 1979) . In Piaget's A-not-B task (Piaget, 1954) , an infant first observes a desired object, such as a shiny toy, that is placed in one of two wells, which are both covered. The infant is then allowed to uncover one well and, if discovering the desired object, retrieve it. The trial is then repeated with the object hidden in the same well, and after several successful trials, the object is then hidden in the second well. By 7-8 months of age, infants begin to successfully perform this task if allowed to retrieve the object immediately, but not after a delay as short as a few seconds (Diamond, 1990) . By 9 months of age infants can perform this task after a delay. Their capacity to hold simple information online continues to improve in subsequent months (Diamond, 1990) . The basic capacity for working memory is solidly in place by middle childhood (Tsujimoto et al, 2004) . Working memory in children is easily overwhelmed in tasks requiring manipulation of information in memory or in the presence of distracters Hitch, 2002) , whereas adolescents are able to perform more difficult working memory tasks Demetriou et al, 2002; Luciana and Nelson, 1998; Luna et al, 2004; Scherf et al, 2006; Swanson, 1999) .
fMRI studies show that during the performance of simple tasks of working memory for several classes of information, older children activate frontoparietal regions (Casey et al, 1995; Crone et al, 2006; Durston et al, 2006; Klingberg et al, 2002; Konrad et al, 2005; Kwon et al, 2002; Luna et al, 2001; Scherf et al, 2006; Thomas et al, 1999) . Thus, the neural circuits for working memory are already established by this age. However, older children fail to fully and appropriately recruit the frontoparietal network during the performance of more challenging tasks of working memory, such as those requiring online manipulation of information (Crone et al, 2006; Konrad et al, 2005; Olesen et al, 2007) or maintaining attention on the task by ignoring distracters (Olesen et al, 2007) . Instead, compared with adolescents, children recruit ventromedial regions, such as caudate nucleus, and insula during performance of more complex working memory tasks (Casey et al, 1995; Crone et al, 2006; Durston et al, 2006; Klingberg et al, 2002; Konrad et al, 2005; Kwon et al, 2002; Luna et al, 2001; Scherf et al, 2006; Thomas et al, 1999) . In contrast, compared with adults, adolescents seem to recruit spatially more diffuse portions of frontal and parietal cortices when engaging working memory processes (Durston et al, 2006; Konrad et al, 2005; Scherf et al, 2006) . Maturation of the neural circuits that supports working memory processes is, therefore, characterized by a fuller and more consistent recruitment of frontoparietal regions with increasing task difficulty between childhood and adolescence, which is followed by the spatial refinement of these cortical regions between adolescence and adulthood.
Development of Neural Circuits that Subserve Self-regulation
Children frequently must select among competing choices, such as doing their homework and playing with friends, or between having a tasty snack and saving room for dinner. In making these choices, a child must reconcile the conflict between the two competing options available in the context of earlier established expectations and rules, and ultimately must inhibit automatic impulses for immediate gratification in the service of a choice that is less automatic but that is better aligned with the values of the child, family, and society. Self-regulation, therefore, requires development and maintenance of long-term goals and rules that guide and motivate behavior, as well as selecting behaviors that best reconcile these internal imperatives in accord with ever-changing internal and external contingencies (Dubin et al, 2010) .
Subsumed under the broad construct of self-regulation, cognitive control refers to a set of mental processes that are responsible for the execution, guiding, and monitoring these desired behaviors, while inhibiting inappropriate or disadvantageous responses (Dubin et al, 2010) . Other cognitive processes such as attentional regulation, conflict and error monitoring, and response inhibition are engaged in the service of cognitive control (Bunge et al, 2002; Casey et al, 1997; Dubin et al, 2010; Rubia et al, 2000) . The capacity for cognitive control, or an early prototype of it, emerges in infancy. In Piaget's A-not-B task, for example, repeatedly hiding the object in the first two wells and allowing to retrieve it establish a prepotent response to look for the object in this first well (Piaget, 1954) . The ability to retrieve the object correctly after it is hidden in the second well, which emerges at 7-8 months of age, relies in part, on response inhibition, or refraining from performing the prepotent behavior of reaching into the first well (Diamond, 1990; Piaget, 1954) .
Experimental paradigms such as the Stroop, Simon, Flanker, Go/No-Go, and Stop-Signal tasks require suppression of a more automatic behavior to perform a less automatic one. Attentional regulation, response inhibition, and conflict and error monitoring are cognitive processes that are engaged in the service of cognitive control and successful task performance. Performance on all of these tasks improves steadily throughout development, but does not approach adult levels until at least late childhood or early adolescence (Bunge et al, 2002; Casey et al, 1997; Davidson et al, 2006; Luna et al, 2004; Rubia et al, 2000) . As with working memory, the self-regulatory capacity of children can be overwhelmed easily by increasing tasks demands.
In adults, self-regulation relies on broad cortical areas such as supplementary motor area, frontal eye fields, anterior cingulate cortex, DLPFC, VLPFC/lateral orbitofrontal cortex, as well as temporal, and parietal regions all of which have connections with striatum in the subcortex (Leung et al, 2000; Peterson et al, 2002; Peterson et al, 1999) . Children and adults engage these frontostriatal circuits when performing tasks that require self-regulatory control (Adleman et al, 2002; Bunge et al, 2002; Casey et al, 1997; Luna et al, 2001; Peterson et al, 1999; Rubia et al, 2000) . Findings from fMRI studies suggest that an improving behavioral capacity for cognitive control with advancing age is associated with increasing activation of frontal and striatal circuits (Figure 7 ) (Adleman et al, 2002; Bunge et al, 2002; Casey et al, 1997; Luna et al, 2001; Marsh et al, 2006; Rubia et al, 2000; Tamm et al, 2002) . Evidence suggests that conflict monitoring involves the anterior cingulate cortex, regulation of attention involves DLPFC and parietal cortex, suppression of interference involves VLPFC, and response inhibition involves parietal regions. In tasks of cognitive control, parietal activation continues to increase into adolescence, whereas prefrontal activation continues to increase into adulthood (Adleman et al, 2002; Marsh et al, 2006; Rubia et al, 2006) .
Both self-regulatory and reward systems participate in the resolution of conflicts between the intrinsic hedonic value of incentives and their value within a broader framework that includes internalized values and other societal influences, personal goals, and potential risks among other consequences. In adults, frontoparietal and frontostriatal networks, including dorsal striatum, nucleus accumbens (NAcc), amygdala, OFC, lateral and superior PFC regions, and posterior parietal cortex, compose the neural circuits subserving reward O'doherty, 2004) . Developmental fMRI studies of reward processing suggested that adolescents differ from adults in the balance between top-down mechanisms of attention and cognitive control based primarily in the PFC and bottom-up motivational and emotional responses to situations of risk and reward based in the NAcc and amygdala (Casey et al, 2008; Ernst and Fudge, 2009; Ernst et al, 2005; Galvan et al, 2006; Spear, 2000) . These findings are consistent with the empirically supported view that compared with adults, adolescents are more motivated by rewards, are less averse to risks, and are more easily influenced by peers (Arnett, 1992; Steinberg, 2007) .
Age-related increases in activity of frontoparietal and frontostriatal circuits occur concurrently with improvements in working memory and cognitive control. The capacity to manage increasingly complex tasks of selfregulation, especially in the setting of motivational or emotional conflicts, largely emerges in adolescence, a period during which cortical gray matter thinning is seen in frontoparietal regions (Gogtay et al, 2004; Sowell et al, 2004) . Similarly, performance on tasks of executive functioning improves along with DTI measures of maturation in frontostriatal and frontoparietal fiber tracts (BarneaGoraly et al, 2005; Olesen et al, 2003) . These lines of evidence suggest that developmental changes in the structure and function of frontoparietal and frontostriatal circuits may be related to remodeling of synaptic connections and greater connectivity between network nodes, which may allow increased engagement and more efficient functioning of these circuits in ever more challenging situations that rely on executive functioning.
Development of Neural Circuits for Executive Functions in Pediatric Psychiatric Disorders
Mental illnesses that emerge in childhood and adolescence are increasingly conceptualized as disorders within neural circuits support various domains of cognitive functioning. Therefore, a thorough understanding of the normal development of brain circuits is critically important for identifying the causes and improving the treatments of psychiatric disorders in children and adolescents. For example, obsessive compulsive disorder (OCD), ADHD, and Tourette's syndrome (TS) are pediatric psychiatric disorders that often co-occur and that are characterized by abnormalities in the functioning of frontostriatal circuits impair self-regulation (Peterson et al, 2001) . Children with OCD, for example, perform poorly on tasks of inhibitory control, and these deficits correlate with clinical symptoms (Maia et al, 2008) . Anatomical and functional neuroimaging studies suggest that abnormalities in orbitofrontal cortex, striatum, and anterior cingulate cortex disrupt the functioning of frontostriatal circuits (Marsh et al, 2009) . Deficits in self-regulation are thought to lead to a diminished capacity to direct attentional resources away from obsessive thoughts and to inhibit the compulsion to carry out rituals (Chamberlain et al, 2005) . Increased activation of orbitofrontal and anterior cingulate cortices during tasks of inhibitory control may serve as the loci of dysfunction or may represent compensatory responses for subcortical loci of dysfunction within frontostriatal circuits.
Extensive evidence suggests that persons who have TS are deficient in their ability to activate frontostriatal circuits and to generate a compensatory hyperplasia of frontal cortices that together impair their capacity to inhibit excess activity in sensorimotor circuits. This reduced inhibitory capacity then limits their ability to suppress tics (Marsh et al, 2009) . In contrast, children with ADHD have impaired inhibitory control based within dorsal frontostriatal circuits as well as disturbances in motivational and reward processes based within ventral frontostriatal circuits, which together may conspire to produce dysfunction in reward learning, delay tolerance, and goal-oriented activity that characterize this disorder (Sonuga-Barke, 2005; Sowell et al, 2003b) . Therefore, differential disturbances in frontostriatal circuits seem to differentially mediate the different psychiatric disorders in children and adolescents.
CONCLUSIONS AND FUTURE DIRECTIONS
Evolving experimental approaches have afforded us an increasingly nuanced view of the development of the brain's circuits as a protracted and even life-long series of interrelated, and partially overlapping, iterative biological processes that follow their own time courses across differing brain regions. The underlying cellular processes are supported by intricate molecular events that are determined by complex interactions of genetic programs with environmental exposures and experience that also drive the dynamic remodeling of circuits throughout the life span. The proper timing and execution of each of these processes is critically important in establishing the optimal functional capability of neural circuits and can, therefore, also serve as a locus of vulnerability for the effects of genetic aberrations and adverse environmental exposures.
The body of knowledge supporting our understanding of normal neural circuits development in human beings, however, is still highly imperfect, as it is derived largely from cross-sectional studies of animal, primarily rodents. These reports supplement a relatively small number of studies in human and nonhuman primates that compare measures of brain structure and function across narrow developmental windows. Thus, although studies in rodents and invertebrates have provided invaluable insights into the genetic, molecular, and cellular events that guide and regulate the development of neural circuits, extrapolating these findings to human beings is hazardous and only partially remedied by scant, but important data from nonhuman primates (Liu et al, 2008) . Similarly, the all too common use of data on neural circuit structure and Normal development of brain circuits GZ Tau and BS Peterson   .......................................................................................................................................................... function that are derived at one developmental period to infer prior or subsequent developmental events has fundamental limitations. Therefore, our understanding of the cellular and molecular events that subserve neural circuit maturation during childhood and adolescence in human beings remains provisional and incomplete.
Neuroimaging techniques allow for the noninvasive in vivo study of brain structure, composition, and function, and these methods have made invaluable contributions to our understanding of the development of neural circuits. Although the histological correlates of some imaging measures have been defined, the microscopic underpinnings and biological significance of many other measures have yet to be determined. Also, the majority of pediatric imaging studies to date have made longitudinal or developmental inferences from cross-sectional data, a practice that can be problematic at best for reasons that include bias associated with differential sampling across age groups, masking of within-individual change by variability across individuals, and difficulty in identifying complex developmental trajectories (Kraemer et al, 2000) . In part to address these difficulties with imputing developmental trajectories from cross-sectional data, the past decade has witnessed the emergence of several longitudinal anatomical imaging studies of brain development in children and adolescents. These studies have allowed direct examination of the trajectories of postnatal human brain development and, presumably, more valid inferences about their functional correlates.
The concerted and integrated application of established and emerging experimental techniques may help to address some of the limitations in current state of knowledge of neural circuit development. Multimodal in vivo imaging studies of large healthy samples followed over time will facilitate not only the direct and unbiased examination of developmental brain changes, but also the correlation of biological information across imaging modalities, which will include information on brain structure using anatomical MRI, axonal connectivity using DTI, brain function and perfusion using fMRI, and neuronal density and metabolism using MRS. Moreover, application of state-of-the-art cellular and molecular biological techniques to the postmortem study of brains from typically developing children will yield novel insights into the histological and ultrastructural features of neural circuit development. Combining these studies of postmortem tissue with multimodal imaging techniques of the same tissue samples will permit direct investigation of the cellular and molecular correlates of the postmortem imaging data that will dramatically improve our insight into the cellular underpinnings and functional consequences of the developmental changes identified in in vivo imaging data. Combining these molecular biological techniques with longitudinal imaging studies of brain development in nonhuman primates will provide information that is much more relevant than crosssectional studies of rodent brains have been to improving our understanding of human brain development.
Study of the normal developmental trajectories of brain circuits provides invaluable insights to the genesis and biological underpinnings of developmentally based psychopathologies. Identifying the pathways of normal brain development provides the Archimedean point from which to interpret and understand the aberrant pathways of brain development that produce disease. Conversely, identifying developmental trajectories of the brain that produce disease informs our knowledge of normal brain development by throwing into relief the developmental pathways that are most sensitive to perturbation and that are, therefore, most likely to be of vital importance to building a healthy brain. Together, these lines of investigation should enhance our understanding of the pathogenesis of mental illness. That improved understanding should, in turn, help to guide the design and development of interventions that either correct deviant developmental trajectories or that optimize relatively normal ones, to ensure that our children realize their greatest developmental potentials as they mature into adolescents and young adults.
